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Defect Due to Mutations in the Sperm Glycine
Receptor/Cl2 Channel
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The mammalian sperm acrosome reaction (AR) is essential to fertilization, and the egg zona pellucida (ZP) is generally
believed to be an in vivo initiator of the fertilizing sperm AR. Previously a neuronal glycine receptor/Cl2 channel (GlyR) was
etected on the plasma membrane of mammalian sperm and earlier pharmacological studies suggested that this
eceptor/channel is important to the ZP-initiated AR. Here, sperm from mice with mutations in the neuronal GlyR a or b
subunits (spasmodic and spastic) were shown to be deficient in their ability to undergo the AR initiated in vitro by glycine
r by solubilized ZP from mouse eggs. However, both spontaneous and calcium ionophore (A23187)-initiated AR were
naffected. The ZP-initiated AR in wild-type sperm was maximal after 2 h of capacitation, but capacitation of sperm from
pasmodic mice for up to 3 h did not result in significant ZP-initiated AR. Similar results were observed when sperm from
ild-type and spastic mice were compared. Testis from mice with the b subunit mutation contained truncated b subunit
mRNAs. Moreover, a monoclonal antibody against GlyR completely blocked ZP initiation of AR in normal mouse sperm.
Our results are consistent with an essential role for the sperm GlyR in the ZP-initiated AR. © 2000 Academic Press
Key Words: glycine receptor/Cl2 channel; acrosome reaction; spasmodic mouse; spastic mouse; zona pellucida;
hyperekplexia.t
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The mammalian sperm acrosome reaction (AR), a modi-
fied exocytotic event in the sperm head, is essential to
fertilization, and the zona pellucida (ZP), a glycoprotein
envelope surrounding the ovulated egg, initiates the AR in
vitro and is generally thought to be an in vivo initiator of
the fertilizing sperm AR (Kopf and Gerton, 1991). Sperm
chloride channels are important to the initiation of the AR
by several ligands, including the ZP (Espinosa et al., 1999;
Meizel, 1997). In vitro pharmacological studies using the
lycine receptor/Cl2 channel (GlyR) antagonist strychnine
nd immunochemical studies have suggested that a sperm
lyR similar to the neuronal GlyR is important to the
uccessful initiation of the porcine sperm AR by the ZP
Melendrez and Meizel, 1995, 1996) and to the initiation of
1 Present address: Department of Urology, St. Marianna Univer-
sity School of Medicine, 2-16-1, Sugao, Miyamae-ku, Kawasaki,
Kanagawa 216-8511, Japan.
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All rights of reproduction in any form reserved.he porcine, human, and mouse AR by glycine (Melendrez
nd Meizel, 1995; Sato et al., 2000). Indirect immunofluo-
escence studies detected the GlyR on the periacrosomal
lasma membrane of porcine and mouse sperm (Melendrez
nd Meizel, 1996; Sato et al., 2000).
Inhibitory neurotransmission in the central nervous sys-
em is mediated by the amino acids glycine and
g-aminobutyric acid, acting through different receptor/Cl2
channels (Rajendra et al., 1997; Rees et al., 1994). The GlyR
s a pentameric ligand-gated ion channel consisting of a
subunits that bind to ligand and b structural subunits
Becker, 1990; Becker et al., 1992). Two strains of mutant
ice, spastic (spa) and spasmodic (spd), represent inherited
henotypes that resemble strychnine toxicity (Becker et al.,
986; Chai, 1961; Heller and Hallett, 1982; Lane et al.,
987; White and Heller, 1982). Mice homozygous for spas-
ic (spa/spa) and spasmodic (spd/spd) mutations display
omplex motor disorders (Chai, 1961; Lane et al., 1987).
he spastic mutation, occurring in a recessive gene on
hromosome 3 (Eicher and Lane, 1980) and resulting in a
ack of adult GlyR isoform (Becker et al., 1992), is due to
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212 Sato et al.aberrant splicing of the GlyR b subunit pre-mRNA
Kingsmore et al., 1994; Mu¨lhardt et al., 1994). The spas-
odic mutation is due to a recessive gene on chromosome
1 (Lane et al., 1987), and the spasmodic phenotype results
rom a single nucleotide substitution in the a1 subunit gene
hat changes an alanine to a serine at position 52 of the
ature polypeptide (Ryan et al., 1994; Saul et al., 1994).
he spastic and spasmodic mice show a phenotype similar
o that of the human disorder known as hyperekplexia
startle disease) (Rajendra et al., 1997).
This report demonstrates that homozygous and heterozy-
ous sperm of spasmodic and spastic mice lack the ability
to undergo the AR initiated by the ZP and provides the first
genetic evidence for the importance of the sperm GlyR in
that essential fertilization event.
MATERIALS AND METHODS
RT-PCR and Southern Hybridization Analysis
Total RNA was extracted from the brain and testis of wild-type,
heterozygous and homozygous spastic mice (Chomczynski and
Sacchi, 1987). Total RNA was digested by DNase I (Gibco BRL,
Grand Island, NY) and reverse transcribed into cDNA with the
Perkin–Elmer PCR core kit (Perkin–Elmer, Branchburg, NJ), using
random primers in the reverse transcriptase (RT) reaction. Aliquots
of 1 ml of brain-derived cDNA or 10 ml of testis-derived cDNA
served as PCR template (with Taq DNA polymerase; Gibco BRL).
Primers corresponded to mouse spinal cord Gly b subunit cDNA
sequences: sense primer S6 (exon 3, nucleotides 273–290) as previ-
ously reported by Mu¨lhardt et al. (1994), antisense primer AS2
exon 8, nucleotides 978–959). One microliter of brain-derived
T-PCR products and 10 ml of testis-derived products were loaded
in each lane of a 2% agarose gel and separated by electrophores for
ethidium bromide analysis. The absence of contaminating genomic
DNA was confirmed by running each reaction in parallel with a
reaction lacking RT. RT-PCR products were subcloned into TOPO
pCRII (Invitrogen, Carlsbad, CA), and DNA was purified for se-
quencing (Mini-Prep Kit, Qiagen, Chatsworth, CA). The nucleotide
sequence of a cloned RT-PCR product (WT2) from the wild-type
mouse testis was 99% identical to that of the mouse spinal cord
Gly b subunit. Digoxigenin-labeled RNA probe was synthesized
with T7 RNA polymerase (Roche, Indianapolis, IN) using the WT2
clone. For Southern blot analysis, 8 ml of testis-derived RT-PCR
roducts was loaded in each well and separated on a 2% agarose gel.
he gel was denatured with NaOH and NaCl and neutralized with
ris/NaCl buffer. Products were transferred to Hybond N1 mem-
rane (Amersham Pharmacia Biotech, Piscataway, NJ) for 75 min
y capillary action and the membrane was dried 1 h at room
emperature and UV cross-linked. The membrane was then prein-
ubated for 2 h at 50°C in Dig Easy hybridization buffer (Roche) and
ncubated overnight in hybridization buffer with 500 ng/ml RNA
robe at 50°C. The membrane was then rinsed with 23 SSC with
.1% SDS twice for 5 min at room temperature and washed with
.53 SSC with 0.1% SDS twice for 15 min at 68°C. The detection of
hemiluminescent signals was performed with CDP-Star and anti-
igoxigenin alkaline phosphatase (Roche). The membrane was ex-
osed to the Kodak Biomax film (Kodak, Rochester, NY) for 1–5 min.
c
a
Copyright © 2000 by Academic Press. All rightSperm Preparation and Acrosome Reaction Assay
Sperm were obtained from the caudae epididymides and vasa
deferentia of 8- to 10-week-old male B6c3Fe-a/a-Glra1,spd. spas-
modic heterozygote (spd/1), homozygote mutant (spd/spd),
B6c3Fe-a/a-Glrb,spa. spastic heterozygote (spa/1), and homozy-
ote mutant (spa/spa) mice and wild-type mice B6c3Fe-a/a-F1
1/1) from The Jackson Laboratory (Bar Harbor, ME). The homozy-
ous, heterozygous, and wild-type mice were obtained from het-
rozygous breeding pairs and were from the same litters. Animal
are was in accordance with U.S. Public Health Service guidelines
or use of animals, and all procedures were approved in advance by
he Institutional Animal Care and Use Committee of the Univer-
ity of California at Davis and the National Institute of Environ-
ental Health Science.
Sperm were prepared as previously described (Sato et al., 2000).
Briefly, pieces of caudae epididymides and vasa deferentia were
incubated with modified Whittingham’s medium to allow release
of sperm into the medium. Then the viable sperm were separated
by Percoll gradient centrifugation and washed. Mammalian sperm
require molecular changes in vitro or in vivo that are collectively
called capacitation in order to respond to AR initiators (Bedford,
1970; Meizel, 1984; Yanagimachi, 1994). For capacitation, sperm
were incubated in Whittingham’s medium containing 30 mg/ml
BSA at 37°C for 2 h. Capacitated sperm were incubated with
various concentrations of glycine, 20 mM A23187, or solvent
control for 10 min. Immediately after initiation of AR, 5-ml aliquots
were removed for determination of the percentage of sperm motil-
ity (at least 100 sperm were counted). After treatment, sperm were
fixed and stained for AR assay by a modified version of the
Coomassie blue procedure (Miller et al., 1993). Samples were coded
and identified only after all samples were counted. Spontaneous AR
were those occurring during capacitation and solvent control
addition.
Solubilized ZP Preparation and ZP-Initiated
Acrosome Reaction Assay
ZP were prepared from 21-day-old female Swiss Webster mice
ovaries (Accurate Chemical and Scientific Corp., Westbury, NY)
and heat-solubilized (Bleil and Wassarman, 1986; Leyton et al.,
1989). Yields of solubilized ZP protein were determined by a Micro
BCA protein assay reagent kit (Pierce, Rockford, IL), and the purity
of the solubilized ZP preparations was determined by SDS–PAGE.
Yields were 12–35 mg protein per 33 pairs of ovaries, and only three
bands (ZP1, ZP2, and ZP3) were detected by silver staining after
SDS–PAGE. AR assays with capacitated Swiss Webster mice were
used to determine whether solubilized ZP preparations were able to
initiate AR. Sperm suspensions were incubated for 10 min with 48
mg/ml ZP dissolved in PBS-PVP (138.6 mM NaCl, 8.6 mM KCl, 6.5
mM Na2HPO4 z 7H2O, 1.5 mM KH2PO4, 0.5 mM CaCl2 z 2H2O, 0.5
mM MgCl2 z 6H2O, 0.4% polyvinyl pyrrolidone (PVP), pH 7.4
djusted with CO2) or with PBS-PVP. After treatment, sperm were
xed and stained for AR as described above.
Experiments were designed to determine whether a GlyR muta-
ion influences the capacitation rate. The sperm of mice (18 weeks
f age) homozygous for the spasmodic and spastic mutations were
apacitated for 1.25, 2, 2.5, and 3 h prior to ZP or PBS-PVP
dditions.
s of reproduction in any form reserved.
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213Zona Pellucida-Initiated AR and GlyR MutationmAb GlyR4a and ZP-Initiated Acrosome Reaction
Assay
Capacitated mouse sperm were preincubated for 30 min with
glycine receptor mAb GlyR4a (192 mg/ml) or control mAb a-115D
192 mg/ml) or with their solvent controls (PBS) including 0.0016%
zide or with PBS alone. After preincubation, sperm were washed
Sato et al., 2000) and suspended in fresh capacitation medium.
perm suspensions (48 ml) were then incubated for 10 min with 2 ml
of PBS-PVP containing 48 mg/ml ZP or with 2 ml of PBS-PVP. After
incubation, sperm were fixed and stained for AR assay as described
above. Monoclonal antibody GlyR4a, a mouse anti-rat GlyR IgG
specific for 48- and 58-kDa subunits of the rat spinal cord GlyR,
was a gift from Dr. Heinrich Betz (Max-Planck Institute for Brain
Research, Frankfurt, Germany) as a 50% ammonium sulfate cut
(Pfeiffer et al., 1984). Hybridoma supernatant containing a mAb
against a-115-kDa bovine lens intermediate filament-like cytoskel-
tal protein was a gift from Dr. Paul Fitzgerald (University of
alifornia, Davis, CA) and was used as control mAb (mAb a-115D)
fter 50% ammonium sulfate precipitation (Melendrez and Meizel,
996).
Statistical Analysis
All AR percentage data were transformed to the arc sine of their
square roots (Sokal and Rohlf, 1981). The Duncan’s new multiple-
range test (SAS, 1994) was used for comparisons of both treatment
effects and the effects of mutations. Where appropriate, differences
were determined by Student’s t test for paired data. Unless other-
wise stated, statistical significance was determined at P , 0.05.
RESULTS
Truncated Products of GlyR b Subunit of spastic
Mice in Testis
Total RNA was isolated from the testes and brains of
1/1, spa/1, and spa/spa mice. RT-PCR products were
amplified using GlyR b-subunit primers and visualized on
n ethidium bromide-stained agarose gel (Fig. 1A). Sequenc-
ng of the 706-bp RT-PCR product obtained from 1/1
ouse testis and brain revealed 99% homology with the
orresponding nucleotide sequence of the mouse spinal
ord GlyR b subunit. These results provide evidence for the
presence of GlyR b subunit transcripts in the mouse testis.
he RT-PCR products amplified from the testis RNA of
/1, spa/1, and spa/spa mice were compared by Southern
blot analysis. Only the 706-bp RT-PCR product was ampli-
fied from wild-type testis RNA (Fig. 1B). In contrast, two
major RT-PCR products were amplified from the testis of
spa/1 and spa/spa mice: a product of approximately 700 bp
nd a smaller product (approximately 400 bp). The ratio of
he larger products to the smaller products was higher in
he sample amplified from spastic heterozygote testis RNA
han in spastic homozygote testis RNA. This pattern is
dentical to that seen on the gel separating RT-PCR prod-
cts amplified from the brains of the same mice (Fig. 1A).
he larger products amplified from spa/spa brain and testis
ppear as a doublet on the agarose gel (Fig. 1). The larger of
Copyright © 2000 by Academic Press. All righthe two bands corresponds to the 706-bp product amplified
rom intact transcripts. Sequencing of the slightly smaller
oublet PCR product from spa/spa testis confirmed that
xon 5 of the brain GlyR b subunit (83 nt) was skipped from
he transcript, resulting in a 623-bp product. Sequencing
lso confirmed that exon 4 and 5 of the brain subunit (313
t) was skipped from the 706-bp product to generate the
93-bp truncated product. These observations are consis-
ent with previously published reports of GlyR b expression
n the spinal cord of spa/spa mice (Mu¨lhardt et al., 1994).
Our results suggest that the majority of b subunit tran-
scripts in the spa/spa mouse and a significant percentage of
b subunit transcripts in spa/1 are truncated in the testis as
well.
Sperm Morphology and Motility of spasmodic and
spastic Mice
FIG. 1. Reverse transcription-polymerase chain reaction and
Southern blot analysis of brain and testis cDNA from wild-type
mouse (1/1), heterozygous spastic mouse (spa/1), and homozy-
gous spastic mouse (spa/spa). (A) RT-PCR analysis of total RNA
solated from brain and testis. Alternate samples with RT (RT1)
nd without RT (RT2) showed that the bands were amplified from
NA. The 706-bp product is amplified from full-length transcripts.
he spastic mutation generates a truncated 393-bp product de-
tected in the brains of both spa/1 and spa/spa mice. (B) Southern
lot analysis of testis-derived RT-PCR products. PCR products
ere probed with a DIG-labeled RNA probe corresponding to the
06-bp product. This method permits the detection of truncated
roducts that were barely visible on the ethidium bromide-stained
el. The ratios of the larger products to the smaller products in
ild-type, spa/1, and spa/spa are similar in brain and testis.The morphology of spd/spd, spd/1, spa/spa, and spa/1
mouse sperm was not different from that of 1/1 sperm
s of reproduction in any form reserved.
st
s
t
(
S
s
s
s
s
m
t
n
s
214 Sato et al.when viewed by phase-contrast microscopy. The percent-
age of motile sperm was not decreased by the mutations of
GlyR a and b subunits (1/1 84.8 6 1.76%, n 5 11; spd/1
82.77 6 2.61%, n 5 5; spd/spd 83.45 6 2.21%, n 5 7;
pa/1 83.09 6 3.38%, n 5 3; spa/spa 80.67 6 2.39%, n 5
6). There did not appear to be any obvious differences in the
quality of sperm motility in the various strains of mice.
After initiation of the AR in each experiment, motility
ranged from 72 to 80%. However, there was no significant
difference among the treatment or strains within each
experiment.
Effect of the GlyR Mutations on Spontaneous AR
and on Glycine- or A23187-Initiated AR
The abilities of sperm from wild-type and homozygous
and heterozygous spasmodic and spastic mice to undergo
he AR were analyzed by light microscopy. The wild-type
perm displayed a statistically significant AR response to 10
mM glycine (P , 0.05), but not to the other glycine
concentrations tested (Table 1). The spd/1 sperm and
spd/spd sperm had no statistically significant AR response
to any of the glycine concentrations tested (Table 1). The
spa/1 sperm and spa/spa sperm also did not have a statis-
ically significant AR response at any glycine concentration
Table 1). The results show that spasmodic and spastic a
and b subunit GlyR mutations greatly influence the ability
of mouse sperm to undergo the AR in response to glycine
and support the receptor/channel’s role in that response.
Spontaneous AR and ionophore-initiated AR (Fig. 2) were
not influenced by either mutation, suggesting that those
two events are independent of the GlyR.
The Effect of Glycine Receptor Mutation
on ZP-Initiated AR
We studied the AR response of wild-type, heterozygous,
and homozygous spasmodic and spastic sperm to normal
wiss Webster mouse ZP. Treatment with 48 mg/ml ZP,
which was shown in a pilot study to be sufficient for the
TABLE 1
Effects of Glycine Receptor a and b Subunit Mutations on Glycin
PBS Gly 10 mM Gly
Wild-type 28.5 6 2.7 (11)b 39.2 6 3.4 (11)* 34.8 6
pd/1 36.4 6 6.1 (5) 35.8 6 7.5 (5) 39.1 6
pd/spd 28.8 6 3.4 (7) 28.1 6 3.8 (7) 29.3 6
pa/1 25.2 6 4.4 (3) 28.2 6 4.1 (3) 33.9 6
pa/spa 28.7 6 3.6 (6) 26.3 6 5.5 (4) 29.5 6
a % AR, mean 6 SEM.
b Total number of animals and total number of experiments.
*P , 0.05 within rows.maximum initiation of AR by ZP under our experimental
conditions, resulted in a significantly different AR response
b
b
Copyright © 2000 by Academic Press. All rightbetween wild-type sperm and both the heterozygous and
the homozygous mutant sperm (Figs. 3A and 3B). Incuba-
tion with ZP did not significantly initiate the AR in
spa/spa, spa/1, spd/spd, and spd/1 sperm compared to
incubation with the PBS-PVP solvent control. Incubation of
wild-type, spa/spa, spa/1, spd/spd, and spd/1 sperm for 20
min with ZP instead of 10 min did not increase the
percentages of ZP-initiated AR above those seen at 10 min
(data not shown), suggesting that 10 min incubation is
sufficient for maximal initiation of AR by ZP.
In wild-type sperm there were significant differences
between the ZP-initiated AR and the spontaneous AR
(those occurring after addition of PBS-PVP) at 2 and 2.5 h
but not at 1.25 and 3 h (Figs. 4A and 4B). Capacitation of
sperm from homozygous spasmodic mice for up to 3 h did
iated ARa
Gly 250 mM Gly 500 mM Gly 1 mM
11) 33.0 6 3.3 (11) 31.6 6 3.5 (11) 31.0 6 2.9 (11)
5) 38.5 6 5.6 (5) 37.4 6 7.2 (5) 37.5 6 7.4 (5)
7) 29.2 6 3.1 (7) 29.2 6 3.3 (7) 34.8 6 3.7 (7)
3) 26.5 6 3.9 (3) 25.4 6 3.3 (3) 25.3 6 2.2 (3)
5) 28.2 6 3.7 (5) 27.7 6 4.0 (6) 29.2 6 4.4 (6)
FIG. 2. The effect of the glycine receptor mutation on A23187-
initiated acrosome reactions: wild-type, 1/1 (n 5 11), spd/1 n 5
5), spd/spd (n 5 7), spa/1 (n 5 3), spa/spa (n 5 5). Data shown as
ean percentage AR 6 SEM. n is the total number of animals and
he total number of separate experiments. Asterisk indicates sig-
ificant difference (P , 0.05) between ionophore and DMSO
olvent control in each strain. There were no significant differencese-Init
50 mM
2.8 (
6.0 (
3.0 (
3.3 (
5.1 (etween strains in the percentages of AR initiated by ionophore or
etween the spontaneous %AR seen in DMSO control (P . 0.05).
s of reproduction in any form reserved.
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215Zona Pellucida-Initiated AR and GlyR Mutationnot result in any significant percentage of ZP-initiated AR
(Fig. 4A). Spontaneous AR in sperm of both wild-type and
spasmodic mice continued to increase with increasing
apacitation times, but there were no significant differences
etween the percentages of spontaneous AR at any time
oint in sperm from wild-type and spasmodic mice (Fig.
B). There was some decrease in the percentage of motile
perm with increasing capacitation time, but there were no
ignificant differences between the percentages of motility
t any single time point in sperm from wild-type and
pasmodic mice (Fig. 4C).
FIG. 3. The effect of glycine receptor mutation on ZP-initiated AR.
D %AR sperm is the mean percentage of ZP-initiated AR minus that
of the spontaneous AR seen in the PBS-PVP solvent control. Data
shown as mean D %AR 6 SEM. n is the total number of animals and
lso the total number of separate experiments. (A) spasmodic mouse
GlyR a subunit mutation): wild-type, 1/1 (n 5 8), spd/1 (n 5 5),
pd/spd (n 5 6). (B) spastic mouse (GlyR b subunit mutation):
wild-type, 1/1 (n 5 8), spa/1 (n 5 3), spa/spa (n 5 4). There was a
ignificant increase in AR compared to solvent control only when ZP
as added to wild-type sperm (P , 0.001, ZP 51.3 6 5.6 versus
BS-PVP 39.4 6 5.2). The asterisk indicates that the D %AR for the
perm of the wild-type strain is significantly different from the D
AR for the other strains (P , 0.05).In capacitation time course experiments comparing per-
entages of ZP-initiated AR, spontaneous AR, and motile
Copyright © 2000 by Academic Press. All rightperm from wild-type mice to those of sperm from homozy-
ous spastic mice (n 5 2, data not shown), the results were
similar to those reported above with spasmodic and wild-
type mice. Most importantly, spastic mice did not respond
to ZP even after 3 h of capacitation.
The Effect of mAb GlyR4a on the ZP-Initiated AR
A monoclonal antibody against an epitope present in both
the a and the b subunits of the neuronal GlyR (mAb
lyR4a) inhibited the glycine-initiated but not the sponta-
eous mouse sperm AR (Sato et al., 2000). There was no
ignificant increase in %AR compared to solvent control
hen ZP was added to GlyR4a preincubated sperm (Fig. 3).
here were significant increases in the %AR compared to
olvent control in ZP treatments of all other preincubated
amples (P , 0.05) (Fig. 5). The presence of the low level of
zide in the ZP preparations did not affect the results since
reincubations with PBS-azide or PBS gave the same result
Fig. 5).
DISCUSSION
Previous studies demonstrated the presence of the GlyR
in mammalian sperm and suggested that the GlyR might be
important to the zona-initiated AR (Melendrez and Meizel,
1995; Sato et al., 2000). Here, we have shown that GlyR a or
b subunit-mutated mouse (spasmodic and spastic) sperm
re deficient in their ability to undergo the AR initiated in
itro by glycine (Table 1) or by solubilized ZP (Figs. 3 and 4).
nhibition of the AR in sperm of spasmodic and spastic
ice does not appear to be due to the influence of those
utations on the capacitation rate. ZP initiation of the AR
n sperm from wild-type mice was maximal after 2 h of
apacitation, but even longer capacitation of sperm from
omozygous spasmodic mice did not result in significant
nitiation of the AR by ZP. Similar results were observed
hen we compared sperm from wild-type and spastic mice.
urthermore, a monoclonal antibody against GlyR that was
reviously used to demonstrate periacrosomal plasma
embrane localization of the mouse sperm GlyR (Sato et
l., 2000) blocked ZP-initiated AR in normal mouse sperm
Fig. 5). These results support an essential role for the sperm
lyR in the ZP-initiated AR.
RT-PCR results showed the presence of GlyR b subunit
transcripts in the mouse testis and that the truncated b
subunit mRNAs accumulate in spa/1 and spa/spa mice
testis (Fig. 1A). A sequence comparison with GlyR b sub-
nit gene also revealed that exon 5, or both exons 4 and 5,
f the brain GlyR b subunit were skipped from these
truncated transcripts in testis. Others have shown that the
spastic mutation induces a sporadic exon skipping event
that results in a frame shift and a premature stop codon
(Mu¨lhardt et al., 1994). The aberrant splicing of the
b-subunit pre-mRNA reduces the number of full-length
transcripts, and truncated b subunit mRNAs accumulate
s of reproduction in any form reserved.
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that same time point (shown in B). (B) Mean % spontaneous
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Copyright © 2000 by Academic Press. All right(Mu¨lhardt et al., 1994). Our results suggest that the major-
ity of b subunit transcripts in the spa/spa mouse and a
ignificant percentage of b subunit transcripts in spa/1 are
runcated in the testis as well.
The reduction of GlyR sensitivity to agonists in the
uman (hyperekplexia) (Langosch et al., 1994; Rajendra et
al., 1995) and in the spasmodic mouse central nervous
system causes the symptoms that characterize the startle
syndrome (Ryan et al., 1994; Saul et al., 1994). The effect of
the homozygous spasmodic mutation on the sperm may
also be caused by the reduction of GlyR sensitivity to
agonists. Since the spasmodic mutation is recessive in
mice, the heterozygous phenotype was thought to be the
same as the wild type (Lane et al., 1987), but a recent report
described an intermediate phenotype present in the adult
heterozygous animals (Hartenstein et al., 1996). The het-
erozygous spasmodic mutation in sperm appears to be a
ominant effect since the sperm did not respond to any
lycine concentration. Interestingly, the human startle dis-
ase can demonstrate dominant or recessive inheritance
epending on the a subunit amino acid substitution (Rees
et al., 1994).
Since the heterozygous spastic neurological phenotype
was indistinguishable from the wild type, the spastic mu-
tation has been described as recessive (Chai, 1961). The
spa/1 sperm showed no AR response at any glycine con-
centration (Table 1), suggesting that the spastic mutation in
sperm is dominant. The transcripts encoding the GlyR b
subunits in spa/1 mouse testis are both intact and trun-
cated (Fig. 1B). Even though low levels of GlyR b subunit
ransgene expression are sufficient for phenotype correction
n the nervous system of spastic mice (Hartenstein et al.,
996), the expression level of full-length GlyR b subunits is
evidently not sufficient for an AR response to glycine in
sperm of spa/1 mice. Recently, Becker et al. (2000) have
shown that an intermediate phenotype can be engineered in
spastic mice by introducing one or more copies of a GlyR b
subunit transgene into spa/spa mice and that the transgenic
mouse carrying one copy of a GlyR b subunit transgene
displayed an intermediate male fertility phenotype.
The spasmodic and spastic nervous system phenotypes
were not seen in the heterozygous mice used in the present
experiments, and yet, as mentioned above, the sperm of
such mice failed to respond to the zona pellucida, suggest-
ing a dominant effect. Both the GABAA receptor and the
lyR mediate inhibition of neurotransmission (Rajendra et
AR 6 SEM (i.e., AR occurring during capacitation and after
treatment withPBS-PVP solvent control). There were no significant
differences (P . 0.05) between the % spontaneous AR of sperm
from wild-type and spasmodic mice at any time point. (C) Mean
percentage of sperm motility 6 SEM 10 min after addition of ZP at
different capacitation times. There were no significant differencesFIG. 4. The effect of capacitation time on ZP-initiated AR,
spontaneous AR, and motility in sperm from wild-type and
homozygous spasmodic mice (n 5 3 total number of animals
and also the total number of separate experiments). (A) D %AR
sperm (actual percentage of AR initiated by ZP). Data shown as
mean %AR 6 SEM and were calculated by subtraction of the
%AR obtained 10 min after PBS-PVP solvent control addition
from the %AR obtained 10 min after addition of ZP dissolved in
PBS-PVP. The asterisk indicates that the %AR initiated by ZP at
a particular time point was significantly greater (P , 0.05) than(P . 0.05) between the percentages of motile sperm for wild-type
and spasmodic mice at any time point.
s of reproduction in any form reserved.
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217Zona Pellucida-Initiated AR and GlyR Mutational., 1997; Rees et al., 1994), and GABAergic tone seems to
increase in startle disease (Ashcroft, 2000). Such an increase
could help to compensate for GlyR deficiency in the ner-
vous system of heterozygous mice. Since the GABAA recep-
tor does not play a role in the initiation of the acrosome
reaction by the ZP (Melendrez and Meizel, 1995), there
would be no compensation for GlyR deficiency.
Our in vitro results lead to the question of whether these
mutations influence fertility in vivo. Some men with a
mutation of the GlyR a subunit are fertile (Kurezynski,
1983). However, there do not appear to be any published
data concerning the percentage of men with such a muta-
tion who are fertile. In the mouse, it is not possible to
obtain homozygous spasmodic litters from homozygous
breeding pairs because the homozygous males do not mate
due to behavioral problems (Lane et al., 1987). Similar
behavioral problems prevent most spa/spa males from
breeding (Becker et al., 1986; Chai, 1961). It is not known
whether sperm from heterozygous or homozygous spastic
and spasmodic mice have decreased fertility in vivo. The
fact that litters are produced by heterozygous spasmodic
and spastic males and also, to a small extent, by homozy-
gous spastic males (Becker et al., 1986; Chai, 1961; Lane et
al., 1987) raises the issue of how the AR occurs in vivo in
the sperm of such animals if, as our data suggest, ZP-
initiated AR would not occur. Biological redundancy would
be valuable in the initiation of an event important to
FIG. 5. Effect of mAb GlyR4a and control mAb on mouse sperm
AR initiated by ZP. Data (D %AR sperm) are shown as mean
percentage AR obtained by ZP treatment minus percentage AR
obtained by control (PBS-PVP) treatment. Error bars represent 6
SEM, n 5 3 separate experiments. There was no significant
ncrease in %AR compared to solvent control when ZP was added
o sperm preincubated with GlyR4a (P . 0.46, ZP 53.1 6 1.4
ersus PBS-PVP 54.3 6 1.2) (Fig. 3). The asterisk indicates that the
%AR for the GlyR4a-treated sperm is significantly different from
he D %AR for the other treatments (P , 0.05).fertilization (Meizel, 1985). Although it is believed that the
mouse AR must occur while the sperm is bound to the ZP
Copyright © 2000 by Academic Press. All right(Kopf and Gerton, 1991), it is possible that an AR initiator
other than the ZP could act on ZP-bound mutant mouse
sperm if the GlyR were not required by that initiator.
Progesterone may be such an in vivo initiator for mamma-
lian sperm (Meizel, 1997). Moreover, progesterone does
initiate the mouse sperm AR (Roldan et al., 1994), and the
mechanism of the progesterone-initiated AR involves the
GABAA receptor/Cl2 channel rather than the GlyR (Melen-
rez and Meizel, 1995).
While our evidence indicates that the sperm GlyR is
ssential to the ZP-initiated AR, it is not known whether
he receptor/channel is activated directly by ZP or by
eceptor cross-talk or how Cl2 flux contributes to the AR
mechanism. Future studies will be directed toward answer-
ing these important questions.
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